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Summary 
Pre-mRNAs are associated with hnRNPs, and these 
proteins play important roles in the biogenesis of 
mRNAs. The hnRNP Al is one of the most abundant 
hnRNPs, and although localized primarily in the nu- 
cleoplasm, shuttlescontinuously between the nucleus 
and the cytoplasm. A 38 amino acid domain within Al, 
termed M9, which bears no resemblance to classical 
nuclear localization signal (NLS) sequences, localizes 
Al to the nucleus. Here we show that M9 is also a 
nuclear export signal; placing M9 on a protein that is 
otherwise restricted to the nucleus, the nucleoplasmin 
core domain (NPc), efficiently exports it to the cyto- 
plasm in a temperature-dependent manner. In con- 
trast, classical NLSs cannot promote the export of 
NPc. These findings demonstrate that there is a signal- 
dependent, temperature-sensitive nuclear export path- 
way and strengthen the suggestion that Al and other 
shuttling hnRNPs function as carriers for RNA during 
export to the cytoplasm. 
Introduction 
Before messenger RNA (mRNA) molecules can be trans- 
lated in the cytoplasm of eukaryotic cells, they are exten- 
sively processed from pre-mRNA precursors in the nucleus. 
These posttranscriptional reactions typically include 5’-end 
capping, splicing of introns, and polyadenylation. Finally, 
the mRNA must be transported from the nucleus to the 
cytoplasm. Throughout these maturation events, pre- 
mRNAs and mRNAs are associated with a set of over 20 
abundant nuclear proteins, collectively termed heteroge- 
neous nuclear ribonucleoproteins (hnRNPs) (Dreyfuss et 
al., 1993). The hnRNPs, designated A-U, are the major 
pre-mRNA-binding proteins in eukaryotic cell nuclei; there 
are about 7 x lo7 to 10 x 10’ molecules each of hnRNP 
Al and Cl per nucleus (Kiledjian et al., 1994), and many 
of the others are similarly abundant. 
One of the most intriguing aspects of hnRNPs is their 
intracellular transport. Although primarily nuclear, a sub- 
set of hnRNPs continuously shuttle between the nucleus 
and cytoplasm (e.g., Al, A2, and K) while others (e.g., 
Cl, C2, and U) are restricted to the nucleus at all times 
(Piriol-Roma and Dreyfuss, 1992, 1993). One of the shut- 
tling hnRNPs, Al, is bound to poly(A)’ RNA in both the 
nucleus and cytoplasm, suggesting that it is transported 
together with the mRNA during export (PiAol-Roma and 
Dreyfuss, 1992). Indeed, it has been shown by electron 
microscopy observation of Balbiani ring mRNAs that the 
substrate for mRNA export is an RNP particle (Mehlin et 
al., 1992, 1995). Al shuttling is a rapid process such that, 
within a 6 hr period, at least 50% of the nuclear Al pool 
has been exported from the nucleus, a rate significantly 
higher than that observed for other shuttling proteins, such 
as the nucleolar protein nucleolin (S. PiAol-Roma and 
G. D., unpublished data; Borer et al., 1989). 
Because of these transport properties and the possibility 
that Al plays a role in mRNA export, we have investigated 
the signals within Al that mediate its intracellular trans- 
port. Recently, we have found that the region of Al that 
is both necessary and sufficient for its nuclear localization 
is a 38 amino acid domain near the carboxyl terminus 
of the protein (Siomi and Dreyfuss, 1995). This domain, 
termed MQ, can also target heterologous, normally cyto- 
plasmic proteins such as f3-galactosidase and pyruvate 
kinase (PK) to the nucleus. Interestingly, MQ bears no se- 
quence homology to classical nuclear localization signal 
(NLS) sequences such as the SV40 large T antigen NLS 
or the nucleoplasmin bipartite basic NLS (bpNLS) (Kald- 
eron et al., 1984; Robbins et al., 1988; for review of classi- 
cal NLSs, see Dingwall and Laskey, 1991) and is therefore 
a novel NLS. Another recent report that examined the nu- 
clear localization of Al also delineated the same region 
and arrived at a very similar conclusion (Weighardt et al., 
1995). 
We are also interested in the signals within Al that pro- 
mote the nuclear export of this protein, To date, many 
proteins have demonstrated nucleocytoplasmic shuttling 
activity (for review see Laskey and Dingwall, 1993), yet 
only one of them, nucleolin, has been subject to a detailed 
search for signals that mediate the nuclear export leg of 
the shuttling cycle (Schmidt-Zachmann et al., 1993). The 
results of these experiments indicated that no positive sig- 
nal within nucleolin exists that confers export. Rather, the 
efficiency of export was thought to be inversely related to 
the strength of intranuclear interactions such that proteins 
with no high affinity nuclear-binding sites are free to tra- 
verse nonspecifically the nuclear envelope into the cyto- 
plasm. This point is underscored by the observation that 
an artificial nuclear protein, PK, with an added classical 
NLS from SV40 large T antigen (PK-NLS) is also efficiently 
released to the cytoplasm after microinjection into the nu- 
cleus (Schmidt-Zachmann et al., 1993). However, other 
data indicate that classical NLS sequences, when fused to 
8-galactosidase, can mediate nuclear egression of these 
fusion proteins in a nonenergy-dependent manner (Guio- 
chon-Mantel et al., 1994). Here we report that the MQ re- 
gion of Al can mediate efficient temperature-dependent 
nuclear export of proteins. We compared the ability of clas- 
sical NLSs and of MQ to promote nuclear export. We found 
that PK fusion proteins bearing either a classical NLS or 
MQ are exported at physiological temperature but that a 
difference is apparent when export at low temperature is 
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examined, indicating that separate pathways are utilized. 
Most importantly, we show that a normally nonshuttling 
protein, the nucleoplasmin core domain (NPc), can be effi- 
ciently exported when fused to M9 but not when fused to 
a classical NLS M9 has thus been identified as a positively 
acting, transferrable nuclear export signal (NES) in a cellu- 
lar pre-mRNA-binding protein. These data therefore sug- 
gest that M9 may function as the recognition element 
within mRNP particles that facilitates nuclear export and 
support the possibility that shuttling hnRNPs have a role 
as carriers of mRNA to the cytoplasm. 
Results 
Both PK-NLS and PK-MS Are Efficiently Exported 
at Physiological Temperature 
Because PK fused to a classical NLS (the SV40 large T 
antigen NLS) was shown to be exported after microinjec- 
Figure 1. PK-MS, but Not PK-NLS, IsExported 
in a Temperature-Dependent Manner 
(A) Myc-tagged PK-NLS and Myc-tagged 
PK-MS were transfected into HeLa cells. After 
expression of the transfected DNA% the cells 
were fused to NIH 3T3 cells to form heterokary- 
ons. After 1 hr incubation in media containing 
100 pglml cyclohexamide, the cells were fixed 
and stained for immunofluorescence micros- 
copy with MAb 9ElO (anti-Myc tag) to localize 
the proteins and with Hoechst 33258, which 
differentiates the human and mouse nuclei 
within the heterokaryon (arrows identify the 
mouse nuclei). The panels marked Phase show 
the phase-contrast image of the heterokary- 
ons; the cytoplasmic edge is highlighted by a 
broken line. 
(B) HeLa cells were transfected with Myc- 
tagged Al, Myc-tagged PK-NLS, or Myc- 
tagged PK-MS. After expression of the given 
proteins, the cells were treated with inhibitors 
of protein synthesis (50 Kg/ml cyclohexamide) 
for 30 min and then incubated in media con- 
taining cyclohexamide for another 3 hr at 37OC 
(left) or 4% (right) before fixation and immuno- 
staining with MAb 9ElO. 
tion into Xenopus laevis oocytes (Schmidt-Zachmann et 
al., 1993), we wanted to compare the efficiency of its export 
relative to that of Al, to see whether we could detect any 
differences. The PK-NLS derivative we used in our experi- 
ments was made by fusing PK to the classical bpNLS from 
the hnRNP K protein (Matunis et al., 1992). This bpNLS 
(21-KRPAEDMEEEQAFKRSR-37) conforms perfectly to 
the bipartite basic consensus (Dingwall and Laskey, 1991) 
and, like other classical NLSs (Kalderon et al., 1984; Rich- 
ardson et al., 1986), confers complete nuclear localization 
onto PK when expressed in HeLa cells (Figure 1B). To 
assay for nuclear export, we employed a transient trans- 
fection interspecies heterokaryon assay system similar to 
previously published procedures (PiAol-Roma and Drey- 
fuss, 1992; Schmidt-Zachmann et al., 1993). In brief, we 
transfected HeLa cells with epitope-tagged expression 
constructs to induce expression of the protein of interest 
and then fused them to mouse NIH 3T3 cells to form het- 
erokaryons. At 1 hr postfusion, the cells were fixed and 
stained for immunofluorescence microscopy to examine 
the distribution of the tagged proteins. A protein scores 
positive for shuttling (and therefore nuclear export) if a 
signal can be detected within the mouse nucleus of the 
heterokaryon, indicating that the protein has migrated be- 
tween the heterologous nuclei within the 1 hr postfusion 
incubation period. When we assayed PK-NLS, we found 
that, like Al, it showed considerable shuttling activity un- 
der these conditions (Figure 1A). Additionally, PK-MS has 
shuttling ability similar to Al and PK-NLS (Figure 1A). 
Therefore, using the heterokaryon assay, we were unable 
to distinguish any mechanistic differences among the nu- 
clear exports of Al, PK-NLS, and PK-MS. 
PK-MS Export, but Not PK-NLS Export, Is inhibited 
at Low Temperature 
We next wanted to determine the temperature require- 
ments for export of Al and PK-NLS. We have previously 
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shown that inhibition of RNA polymerase II causes cyto- 
plasmic accumulation of Al by an unknown mechanism 
and that reimport of Al into the nucleus upon restoration 
of RNA polymerase II transcription does not occur at 4°C 
(PiAol-Roma and Dreyfuss, 1991,1992). Thus, nuclear im- 
port of Al, like that of classical NLS-bearing proteins 
(Breeuwer and Goldfarb, 1990), is blocked at low temper- 
ature. We therefore reasoned that because import is 
blocked at 4OC, if export is allowed, an accumulation of 
the protein in the cytoplasm will be observed after low 
temperature incubation. Likewise, if export is blocked at 
low temperature, then the protein will remain entirely nu- 
clear and no substantial redistribution will occur. To exam- 
ine this, we transfected HeLa cells and then incubated 
them for 3 hr at 4% before fixation and immunofluores- 
cence staining. We found that low temperature incubation 
causes a marked redistribution of PK-NLS into the cyto- 
plasm, while Al remains entirely nuclear (Figure 1 B). This 
result indicates that export of PK-NLS is a passive event 
and clearly differentiates it from Al export, which does 
not occur at low temperature. This suggests that these 
proteins utilize distinct export pathways. The PK-NLS that 
accumulates in the cytoplasm during the low temperature 
incubation period is readily reimported into the nucleus 
upon reincubation at 37% (data not shown), demonstrat- 
ing that the low temperature treatment does not irrevers- 
ibly damage the PK-NLS protein. When we examined 
PK-MS under these conditions, we found that its distribu- 
tion pattern, like Al, differed from that of PK-NLS (Figure 
1 B). Specifically, PK-MS remains almost entirely nuclear, 
indicating that little nuclear export occurred at 4%. Con- 
trol experiments using truncated forms of PK-NLS and 
PK-MS (35 kDa and 38 kDa, respectively) produced similar 
results (data not shown). These experiments demonstrate 
that Al export is temperature sensitive and that M9 can 
impart this property onto PK, suggesting that M9 may be 
serving as a signal for inclusion in a facilitated macromo- 
lecular nuclear export pathway. 
M9 Has NES Activity 
To test directly whether M9 can activate nuclear export 
of a protein that is normally confined to the nucleus, we 
fused M9 to NPc (Laskey et al., 1993). The entire nucleo- 
plasmin protein is composed of two domains: the trypsin- 
resistant NPc (23 kDa), which forms pentamers, and a tail 
region (10 kDa) that contains a classical bpNLS (Dingwall 
et al., 1982, 1987). Microinjection studies have shown that 
upon injection into the cytoplasm, NPc does not enter the 
nucleus and, importantly, that upon injection into the nu- 
cleus, NPc does not cross the nuclear envelope into the 
cytoplasm (Dingwall et al., 1982, 1988; Laskey and Ding- 
wall, 1993). When NPc fused either to the hnRNP K classi- 
cal bpNLS (NPc-NLS) (Figure 2A) or to the SV40 large T 
antigen classical NLS (data not shown) was examined in 
interspecies heterokaryons for shuttling activity, we found 
that, in agreement with the microinjection experiments, it 
is not exported from the nucleus. However, when we fused 
M9 to NPc (NPc-MS) (Figure 2A), we observed that this 
protein does indeed shuttle in interspecies heterokaryons, 
demonstrating that M9 can direct nuclear export of the 
fusion protein. 
The ability of NPc to form oligomers is probably central 
to the fact that it remains in the nucleus and is not exported 
without a suitable targeting signal. To ask whether there 
is any difference in the ability of NPc-NLS relative to 
NPc-MS to form these higher order structures, we took 
advantage of the previously reported observation that NPc 
oligomers are resistant to SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) fractionation and only run as 
monomers after extensive boiling of the samples (Dingwall 
et al., 1982). Therefore, after preparation of total cell ly- 
sates, we divided the samples in half and either loaded 
them directly onto the gel or boiled them prior to loading. 
Western blotting demonstrates that both NPc-NLS and 
NPc-MS run as monomers only after boiling, indicating 
that both of these proteins form higher order structures in 
vivo (Figure 2B). Therefore, the difference in their nuclear 
export properties cannot be explained by an MS-mediated 
interference with oligomer formation. 
M9 Does Not Have Single-Stranded Nucleic 
Acid-Binding Activity In Vitro 
The hnRNP Al contains domains that mediate RNA bind- 
ing: two RNP motifs and an RGG box (Burd and Dreyfuss, 
1994). We wished to rule out the possibility, however un- 
likely, that the ability of M9 to promote nuclear export could 
potentially result from residual RNA-binding activity that 
would allow the fusion proteins bearing M9 to “piggyback” 
on the RNA during export. To control for this possibility, 
we directly tested whether M9 has the capacity to bind 
single-stranded nucleic acids in vitro. To do this, we took 
advantage of the fact that the affinity of most hnRNPs for 
single-stranded DNA (ssDNA) reflects their ability to bind 
pre-mRNA/mRNA molecules (Piriol-Roma et al., 1988). As 
expected, Al binds ssDNA efficiently, but neither PK-NLS 
nor PK-MS has any detectable activity even at 200 mM 
NaCl (Figure 2C). These arevery relaxed nucleicacid bind- 
ing conditions, and the lack of any binding indicates that 
the M9 sequences cannot promote binding of the fusion 
protein to RNA. Therefore, it is highly unlikely that the M9 
export signal activity is a manifestation of direct contact 
with RNA molecules. 
The Nuclear Import Activity and NES Activity 
within M9 Cannot Be Separated 
The 38 amino acids that comprise M9 can mediate both 
nuclear import and nuclear export. To establish whether 
these signals within M9 are separable, we constructed 
NPc proteins containing the K protein classical NLS fused 
to M9 deletion fragments (Figure 3) and found that further 
delineation of the export signal within M9 is not possible 
(data not shown). To establish further that the M9 nuclear 
import signal and the NES are one and the same, we gen- 
erated a series of point mutations within M9 and tested 
them for both nuclear import and export. The residues 
chosen for mutagenesis are highly conserved within the 
M9 region of a number of vertebrate hnRNP A/B-type pro- 
teins (Figure 3). We found that two point mutations, namely 
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(A) Interspecies heterokaryon analysis of the 
nuclear export of Myc-tagged NPc-NLS and 
Myc-tagged NPc-MS. Heterokaryons were 
formed and analyzed exactly as in Figure IA. 
(6) Western blotting analysis of whole-cell ex- 
tracts derived from HeLa cells that had been 
transfected with Myc-tagged NPc-MS or Myc- 
tagged NPc-NLS. Priorto loading, thesamples 
were either boiled for IO min (plus) or not (mi- 
nus), and the arrows designate the monomer 
and oligomerforms of the NPc derivatives. The 
Western blots were probed with MAb 9ElO. 
(C) Plasmids encoding Al, PK-NLS, and PK-MS 
were transcribed and translated in vitro in the 
presence of [%]methionine. Equal counts per 
minute of labeled proteins were then incubated 
with ssDNA-agarose beads in binding buffer 
(200 mM NaCI) for 20 min. The beads were 
then washed extensively, and bound proteins 
were analyzed by SDS-PAGE. The input in the 
ssDNA binding reactions is equal to 100% of 
the total fraction (T); the fraction bound is 
shown in lanes B. 
restricted stretch of amino acids (M9) and are most likely 
the same. 
Discussion 
Differentiation of Nuclear Export Pathways 
We initially found, by using interspecies heterokaryons, 
that the nuclear export of Al is not easily distinguished 
from export of artificial nuclear proteins like PK-NLS and 
PK-MS. However, at low temperature, export of Al and 
PK-MS is blocked while PK-NLS can still accumulate in 
the cytoplasm, demonstrating that these proteins utilize 
distinct export pathways. The ability of M9 to convert PK 
to the temperature-dependent pathway invokes acompari- 
son between Al export and classical NLS-mediated nu- 
clear import (for reviews see Fabre and Hurt, 1994; Moore 
and Blobel, 1994). The nuclear import pathway for classi- 
cal NLS-bearing proteins is a multistep process that in- 
volves at least NLS-NLS receptor interaction and docking 
at the nuclear pore complex and subsequent translocation 
through the pore (Newmeyer and Forbes, 1988; Richard- 
son et al., 1988; Moore and Blobel, 1992). The transloca- 
tion, but not the docking step, requires energy and is 
blocked at low temperature. Even small proteins that can 
normally freely diffuse through the nuclear pore complex 
into the nucleus do not efficiently enter the nucleus at low 
temperature when they include a classical NLS (Breeuwer 
and Goldfarb, 1990). This indicates that commitment to 
the classical NLS import pathway overrides diffusion, ap- 
parently by interaction of the NLS-containing protein with 
the relatively large NLS receptor (Adam and Adam, 1994; 
Adam and Gerace, 1991; Gijrlich et al., 1994; Radu et al., 
1995; Weis et al., 1995). If signal-mediated nuclear export 
operates by a similar mechanism, then it seems likely that 
MS-bearing proteins are blocked in the nucleus at low tem- 
perature because export signal-receptor interactions oc- 
cur but translocation through the nuclear pore complex 
does not. 
Gly-274-Ala and Pro-275+Ala, blocked both nuclear im- 
port activity and NES activity while an additional mutant, 
Gly,Gly-283,284+Leu,Leu had no effect on either import 
or export (Figure 4). These results indicate that the nuclear 
import signal and NES of Al are contained within the same 
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I3 M9 
I I ,: -r 
HumanAl *s* NWSNFGPHKGG-NFGGRSS---$YGGGGQYFAKPRNo---GGY 
HumsnA%rf 29s WP-SNYGPMKSG-NFGGSRNM-GGPYGGG-NYGPGGSGGSGGY 
Xenopus Al 32’ ShSSSNFGPMKGG-NYGGRNS---GPYGGG--YGGGSASSS--SGY 
XenopusAP 337 QdS-SNYGPMKSGGNFGGNRSMGGGPYGGG-NYGPGNASGGNGGGY 
C 
Deletion mutants 
M9(aa266-305) NQSSNFGPMKGGNFGGRSSGPYGGGGQYFAKPRNQGGY 
M9AC5(aa268-300) NQSSNFGPMKGGNFGGRSSGPYGGGGIIYFAKPR 
M9AN5@273-305) FGPMKGGNFGGRSSGPYGGGGtlYFAKPRNCtGGY 
Point mutants 
274G->A NQSSNflPMKGGNFGGRSSGPYGGGGtlYFAKPRNQGGY 
275P->A NQSSNFGEFKGGNFGGRSSGPYGGGGCIYFAKPRNQGGY 
282GG283.>LL NQSSNFGPMKGGNFmRSSGPYGGGGQYFAKPRNQGGY 
M9 Is an NES 
The low temperature experiments are consistent with the 
idea that M9 has export signal activity, but the ultimate 
test for such activity is the ability to confer export onto a 
protein that lacks this property. The experiments with NPc 
fusion proteinsthereforedemonstratethatM9isan export 
signal. By nuclear injection experiments, it was previously 
shown that NPc alone does not get exported (Dingwall et 
al., 1982, 1988). The reason that NPc is retained in the 
nucleus is probably twofold (Laskey and Dingwall, 1993). 
First, its ability to form pentamers creates a protein of 
sufficient size to prevent efficient diffusion to the cyto- 
plasm. Second, nucleoplasmin has been demonstrated to 
serve as a chaperone that can transfer histones onto DNA 
during chromatin assembly (Laskey et al., 1978; Laskey 
and Earnshaw, 1980), indicating that it can interact with 
histones in the nucleus, which may further attenuate diffu- 
sion to the cytoplasm. Using interspecies heterokaryons, 
we have observed that NPc fused to a classical NLS is 
not exported, in agreement with the microinjection experi- 
ments, yet an NPc-MS derivative is efficiently exported, 
demonstrating that M9 is a positively acting, transferrable 
NES. The fact that NPc-NLS is not exported is therefore 
In conflict with a previous suggestion that classical NLSs 
can promote movement of proteins to the cytoplasm (Guio- 
Nuclear 
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+ + 
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- - 
- - 
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chon-Mantel et al., 1994). Importantly, the strategy we 
describe here for the identification of NESS, namely, ex- 
pression by transfection of fusion constructs of a nuclear- 
retained reporter such as NPc-NLS, followed by hetero- 
karyon assays, is powerful and simple. It obviates the need 
for producing and purifying exogenous test proteins and 
for relatively cumbersome and expensive microinjections. 
This strategy should open the way for discovery of addi- 
tional NESS and for delineating requirements for nuclear 
export. 
Implications for mRNA Export 
mRNA export is an energy-dependent and signal- 
mediated process (for reviews see lzaurralde and Mattaj, 
1995; Zapp, 1995). We have shown here that Al export 
has similar, if not indistinguishable, properties. These re- 
sults, coupled with the electron microscopy experiments 
that show that mRNA export occurs in the context of RNP 
particles (Mehlin et al., 1992, 1995) strongly suggest that 
Al plays a direct role in the transport of mRNA. An interpre- 
tation of our results that we find attractive is that pre- 
mRNAs are bound by shuttling hnRNPs in the nucleus 
and that it is the export signals, like MS, on these proteins 
that are recognized by the export machinery to allow trans- 
location of the RNP into the cytoplasm. Consistent with 
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Figure 4. The M9 NLS and NES Activity Can- 
not Be Separated 
Point mutation analysis of MS-mediated nu- 
clear import and export. The column marked 
Nuclear import shows the subcellular localiza- 
tion of the given M9 point mutants fused to PK. 
The columns marked Nuclear Export show the 
results of interspecies heterokaryon analysis 
of the given M9 mutant fused to NPc-NLS. Het- 
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this idea is the extent of conservation within the M9 region 
among a number of hnRNPs (see Figure 3B). Once in the 
cytoplasm, the proteins are removed from the RNA and 
reimported to the nucleus, and the cycle begins anew. 
This situation is therefore reminiscent of that observed 
recently for the HIV-encoded Rev protein. Rev is required 
for the efficient accumulation in the cytoplasm of incom- 
pletely processed HIV pre-mRNAs that contain a high af- 
finity Rev-binding site, the Rev response element (for re- 
view see Cullen, 1991). Recently, it has been shown, using 
Xenopus oocytes, that Rev promotes the export of a vari- 
ety of Rev response element-containing RNAs, indicating 
that it is a bona fide export factor (Fischer et al., 1994). 
Interestingly, the transport of Rev and Al share a number 
of characteristics. Both proteins shuttle between nucleus 
and cytoplasm in an energy-dependent manner, and both 
require continuous RNA polymerase II transcription for 
nuclear localization (Pitiol-Roma and Dreyfuss, 1991; 
Meyer and Malim, 1994; Wolff et al., 1995). Mutational 
analysis of the Rev activation domain reveals that, when 
mutated, the protein no longer shuttles and does not pro- 
mote RNA export, suggesting that this region is important 
for Rev export (Meyer and Malim, 1994; Wolff et al., 1995). 
Recently, while this manuscript was still under review, it 
was reported that the Rev activation domain encodes an 
NES (Fischer et al., 1995; Wen et al., 1995) that can be 
transferred onto heterologous proteins. The Rev NES is 
characterized by high leucine content, a sequence motif 
that is also found in the recently delineated NES from 
heat-stable protein kinase inhibitor (Wen et al., 1995). 
While the NESS from Rev and protein kinase inhibitor are 
very highly related to each other, they bear no sequence 
similarity to M9, suggesting that signal-mediated nuclear 
export occurs by at least two different signals and possibly 
separate pathways. Consistent with this idea is the fact 
that competition experiments have revealed that the Rev 
NES efficiently competes for export of 5s ribosomal RNA 
and U small nuclear RNAs, but not mRNAs, indicating that 
Rev-mediated RNPexport does not occur along the mRNA 
pathway (Fischer et al., 1995). Another feature of M9 that 
distinguishes it from the Rev class of NESS is that it also 
has NLS activity, which the leucine-rich NESS appear not 
to have. The fact that the M9 NES and NLS activities ap- 
pear to be coincident suggests that at least some of the 
factors that mediate Al nuclear import and export are iden- 
tical. Therefore, to understand fully the mechanism of the 
Al shuttling cycle, it will be important to identify the cellular 
components that interact with M9, and such experiments 
are now in progress. 
Experimental Procedures 
Plasmid Constructions 
Construction of the Myc-tagged expression vectors was as follows. 
Myc-PK has been previously described (Siomi and Dreyfuss, 1995). 
Myc-Al (a gift of S. Nakileny) was made by PCR amplification of the 
Al cDNA pBSO1 (Buvoli et al., 1990) to generate an EcoRl site just 
upstream of the initiating AUG codon at the 5’ end and an Xhol site 
just downstream of the termination codon at the 3’ end of the cDNA. 
This fragment was then digested with EcoRl and Xhol and subcloned 
into a modified pcDNA3 (Invitrogen) mammalian expression vector. 
The modified pcDNA3 encodes a Myc tag just upstream of the EcoRl 
site in the polylinker and has been described previously (Siomi and 
Dreyfuss, 1995). Myc-PK-NLS was made by PCR amplification of plas- 
mid RLPK (Dang and Lee, 1988) to generate a BamHl site upstream 
of codon 12 of the chicken muscle PK cDNA and an EcoRl site dawn- 
stream of codon 443. This fragment was subcloned into a modified 
pcDNAl (Invitrogen) mammalian expression vector encoding a Myc 
tag(MEQKLISEEDL)between theHindlil(5’)and BamHl(3’)sitesinthe 
polylinkertocreate Myc-PK-pcDNAl. Subsequently, adouble-stranded 
oligonucleotide encoding the bpNLS of the human K protein (21- 
KRPAEDMEEEQAFKRSR-37; Matunis et al., 1992) with EcoRl(5’) and 
Xhol (3’) ends was ligated into the EcoRl and Xhol sites of Myc-PK- 
pcDNAl to create Myc-PK-NLS. Myc-PK-MS has been described pre- 
viously (Siomi and Dreyfuss, 1995). Myc-NPc-NLS was made by PCR 
amplification of amino acids 2-150 of nucleoplasmin (Dingwall et al., 
1987) using an X. laevis ovary cDNA lysate preparation as template. 
The PCR fragment, containing a BamHl site at the 5’ end and an 
EcoRl site at the 3’ end, was cloned into the BamHl and EcoRl sites 
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of Myc-PK-NLS to create Myc-NPc-NLS. Myc-NPc-MS was made by 
PCR amplification of the M9 region of Al (codons 268-305) as an 
EcoRI-Xhol fragment that was then subcloned into the EcoRl and 
Xhol sites of plasmid Myc-NPc-NLS. The NPc-NLS-MS mutant plas- 
mids were made by PCR amplification of the appropriate Al mutants 
(M. C. and G. D., unpublished data) to generate Xhol-Xbal fragments 
that were then subcloned into the Xhol and Xbal sites of Myc-NPc-NLS. 
Cell Culture and Transfection 
HeLa cells were cultured in Dulbecco’s modified Eagle’s medium 
(GIBCO BRL) supplemented with 10% FCS (GIBCO BRL). Transfec- 
tion was done exactly as described by Siomi and Dreyfuss (1995). 
Heterokaryon Formation 
HeLa cells growing in 100 mm dishes were seeded 24 hr posttransfec- 
tion onto glass coverslips in 30 mm dishes. After overnight incubation 
these cultures were seeded with an equal number of mouse NIH 3T3 
cells and incubated an additional 3 hr in the presence of 50 pglml 
cyclohexamide (GIBCO BRL). The cocultures were then transferred 
into media containing 100 uglml cyclohexamide for 30 min prior to 
fusion. Cell fusions were done exactly as described previously (Piriol- 
Roma and Dreyfuss, 1992), and the heterokaryons were then returned 
to media containing 100 pglml cyclohexamide for an additional 1 hr 
incubation period prior to fixation for immunostaining. 
Low Temperature Incubations 
HeLa cells were shifted 24 hr posttransfection to media containing 50 
uglml cyclohexamide for 30 min to inhibit protein synthesis and then 
either shifted to fresh warm media containing cyclohexamide or to 
4% mediacontaining cyclohexamide and incubated at theappropriate 
temperature for 3 hr prior to fixation for immunostaining. Fixation and 
permeablization were done as described previously (Siomi and Drey- 
fuss, 1995) except that all procedures were performed at 4OC. 
lmmunofluorescence Microscopy 
Fixation and permeablization were done exactly as described pre- 
viously (Siomi and Dreyfuss, 1995). lmmunostaining with primary 
monoclonal antibody (MAb) 9E10 (anti-Myc; Evan et al., 1985) was 
done at 1:lOOO dilution in PBS containing 3% BSA. Secondary anti- 
body incubations were done as described previously (Siomi and Drey- 
fuss, 1995) except, for heterokaryon analysis, Hoechst 33258 (Sigma) 
was included at 5 nglml. After staining, the cells were vrsualized and 
photographed with a Zeiss Axiophot microscope. 
Western Blotting 
Cell extracts were prepared as follows. HeLa cells growing in 100 mm 
dishes were washed thrice 24 hr posttransfection with cold, sterile 
PBS and then lysed by addition of 1 ml of RIPA buffer (58 mM NaCI, 
5 mM EDTA, 10 mM Tris-HCI [pH 7.21, 0.1% SDS, 1% DOC, 1% 
Triton X-100). Cell lysates were collected into tubes and centrifuged 
at 12,000 x g for 20 min at 4°C. The samples were then diluted 1:l 
into 2x SDS-PAGE sample buffer. Half of the samples were then 
botled prior to loading of the gel, and the remainder was loaded directly. 
Electrophoresis and immunoblotting were done exactly as described 
by Siomi and Dreyfuss (1995). 
ssDNA Binding Assay 
Plasmids Myc-Al, Myc-PK-NLS, and Myc-PK-MS were transcribed and 
translated in vitro using aT7TnT kit (Promega) according to the instruc- 
tions of the manufacturer. ssDNA binding reactions were performed 
and analyzed exactly as described previously (Kiledjian and Dreyfuss, 
1992) except that the NaCl concentration in the binding buffer was 
200 mM. 
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